H 2 O 2 is an essential signal in absicic acid (ABA)-induced stomatal closure. It can be synthesized by several enzymes in plants. In this study, the roles of copper amine oxidase (CuAO) in H 2 O 2 production and stomatal closure were investigated. Exogenous ABA stimulated apoplast CuAO activity, increased H 2 O 2 production and [Ca 2+ ] cyt levels in Vicia faba guard cells, and induced stomatal closure. These processes were impaired by CuAO inhibitor(s). In the metabolized products of CuAO, only H 2 O 2 could induce stomatal closure. By the analysis of enzyme kinetics and polyamine contents in leaves, putrescine was regarded as a substrate of CuAO. Putrescine showed similar effects with ABA on the regulation of H 2 O 2 production, [Ca 2+ ] cyt levels, as well as stomatal closure. The results suggest that CuAO in V. faba guard cells is an essential enzymatic source for H 2 O 2 production in ABA-induced stomatal closure via the degradation of putrescine. Calcium messenger is an important intermediate in this process.
Introduction
The plant hormone abscisic acid (ABA) is a vital signal that modulates a variety of growth and developmental processes and responses to environmental stresses such as drought, high salt, and cold (Grill and Christmann, 2007) . When plants are drought-stressed, ABA acts as a key regulator of stomatal apertures to restrict transpiration and reduce water loss. Much progress has been made in the identification of components in the ABA signal network, from perception to nuclear events. They include ABA receptors, heterotrimeric G-proteins, lipid signalling, protein kinases and protein phosphatases, transcription factors, proteins involved in post-translational protein modification, and RNA processing (Li et al., 2000; Hugouvieux et al., 2001; Merlot et al., 2001; Sanchez and Chua, 2001; Wang et al., 2001; Xiong et al., 2001a, b; Finkelstein et al., 2002; Mishra et al., 2006) . Three ABA receptors have been identified so far, including the flowering control protein FCA, the Mg-chelatase H subunit (ABAR/CHLH), and the G-protein coupled receptor (GCR2) (Razem et al., 2006; Shen et al., 2006; Liu et al., 2007) . ABAR/CHLH and GCR2 are involved in ABAinduced stomatal movement (Shen et al., 2006; Liu et al., 2007) , while the latter has not been confirmed for its function in the ABA response according to a more recent report (Gao et al., 2007) . On the other hand, G-protein activation upon ABA binding leads to the activation of PLDa1, producing a head group and phosphatidic acid, which anchors ABI1, a negative ABA response regulator, to the plasma membrane (Zhang et al., 2004; Grill and Christmann, 2007) . The PA-ABI1 binding impairs ABI1 PP2C activity, thereby transducing ABA signals (Zhang et al., 2004; Mishra et al., 2006) . The increased phosphatidic acid may, in turn, regulate GPA1 (heterotrimeric Gprotein a1 subunit) through sphingosine kinase that acts upsteam of GPA1 (Coursol et al., 2003) , because phosphatidic acid has been implicated in binding sphingosine kinase in animal cells (Delon et al., 2004) .
The second messengers, such as Ca 2+ , reactive oxygen species (ROS), and nitric oxide are also important in ABA-induced stomatal closure. ABA-induced H 2 O 2 production and the H 2 O 2 -activated Ca 2+ channels in the plasma membrane are important mechanisms for ABAinduced stomatal closing (Pei et al., 2000; Sokolovski et al., 2005) . Molecular genetic evidence shows that, in Arabidopsis, the plasma membrane-associated NADPH oxidase catalytic subunits AtrbohD and AtrbohF are implicated in the ROS-dependent activation of Ca 2+ channels and cytosolic Ca 2+ increase (Kwak et al., 2003) . Besides NADPH oxidases, apoplast amine oxidases and oxalate oxidase are enzymatic sources of ROS production (Grant and Loake, 2000; Mittler, 2002; Vranová et al., 2002; Cona et al., 2006) . Amine oxidases include coppercontaining diamine oxidases (CuAO; EC 1.4.3.6) and FAD-containing polyamine oxidases (PAO; EC 1.5.3.3) (Cona et al., 2006) . Plant CuAO generally catalyse the oxidation of the aliphatic diamines putrescine (Put) and cadaverine (Cad) at the primary animo groups (Cona et al., 2006) . The products from Put oxidation by CuAO include D 1 -pyrroline, H 2 O 2 , and ammonia. D 1 -pyrroline is further catabolized to c-aminobutyric acid (GABA), which is subsequently transaminated and oxidized to succinic acid (Succ) (Rea et al., 2004; Cona et al., 2006) . Whereas, PAO catalyse the oxidation of spermine (Spm) and spermidine (Spd) and their acetylated derivates at the secondary amino groups (Cona et al., 2006) . Increasing evidence suggests that CuAO and PAO participate in plant development and defence responses via their reaction products (Rea et al., 2004; Cona et al., 2006) . These H 2 O 2 -generated enzymes have been proposed to mediate lignification and cross-linking of extension, programmed cell death during both normal growth and response to biotic and abiotic stresses (Pennell and Lamb, 1997; Laurenzi et al., 1999; Rea et al., 2002; Walters, 2003; Yoda et al., 2003; Su et al., 2005; Cona et al., 2006) . However, it is still unclear whether H 2 O 2 from amine oxidation participates in ABA-mediated stomatal closure. On the other hand, polyamines have been implicated in inhibiting the inward K + channels across the plasma membrane and inducing stomatal closure through unknown factors (Liu et al., 2000) . Moreover, ABA stimulates CuAO activity and increases the H 2 O 2 level in rice roots (Lin and Kao, 2001 ). Altogether, these findings prompted us to investigate whether and how amine oxidation is involved in ABA regulation of stomatal closure.
In this paper, the evidence that CuAO in Vicia faba guard cells is involved in ABA-induced stomatal closure via the degradation of putrescine to generate H 2 O 2 is provided. Calcium messenger is an important intermediate in this process.
Materials and methods

Plant material
Vicia faba plants were grown in a plant growth chamber under a 12/12 h, light/dark and 25/20°C cycles. The light intensity was 0.18 mmol m À2 s À1 . 4-week-old seedlings were used for following determination.
Stomatal aperture measurement
Stomatal aperture was measured according to the procedure of Zhang et al. (2004) with minor modifications. Epidermal peels were stripped from V. faba leaves, and floated in CO 2 -free solution containing 10 mM KCl, 0.2 mM CaCl 2 , 0.1 mM EGTA, and 10 mM MES-KOH (pH 6.15). After the incubation in white light (0.18 mmol m À2 s À1 ) at 25°C for 2 h to induce stomata opening, the inhibitors of CuAO, aminoguanidine (AG) and 2-bromoethylamine (BEA), were added 30 min prior to the 2 h treatment with ABA or polyamines. Stomatal apertures were measured under a microscope. Each assay was repeated three times.
Extraction of enzymes in intercellular washing fluid, cytoplasm, and cell wall The intercellular washing fluid (IWF) was extracted using the method of Hernández et al. (2001) . The V. faba leaves were weighted and washed in deionized water, and vacuum infiltrated for 5 min at 1.0 kPa and 4°C in 50 mM K-phosphate buffer (pH 6.5) with 0.2 M KCl and 0.1 mM CaCl 2 . Leaves were then quickly dried and centrifuged at 1000 g for 5 min at 4°C in a 25 ml syringe barrel placed in a 50 ml tube. After the centrifugation, IWF collected from the tube bottom was used to analyse CuAO activity.
The soluble cytoplasmic CuAO, strong ionically-bound cell wall CuAO, and total CuAO in leaves were extracted by the method of Li and McClure (1989) . Briefly, after IWF was extracted, the rest of the leaves were homogenized in 3-fold volume of 50 mM K-phosphate buffer (pH 6.5), centrifuged at 27 000 g for 15 min, and the supernatant was used as a source of soluble cytoplasmic CuAO. The cell wall pellets were washed twice by centrifuging in 50 mM K-phosphate buffer (pH 6.5) plus 1% (v/v) Triton X-100 and three times with the buffer alone to remove traces of contaminating cytoplasmic CuAO. The washed pellets were resuspended in 3-fold volume of 50 mM K-phosphate buffer with 1 M NaCl, stirred on ice for 30 min, centrifuged at 27 000 g for 15 min, and the supernatant was used as a source of CuAO strongly ionically bound to the cell wall. To extract the total CuAO in V. faba leaves, the leaves were ground in 50 mM K-phosphate buffer with 1 M NaCl (3 ml of the buffer per gram of fresh weight, pH 6.5) at 4°C. Homogenates were centrifuged at 10 000 g for 20 min at 4°C. Supernatants were used for the determination of protein content and amine oxidase activities.
Determination of the effects of exogenous ABA, polyamines and AG on CuAO activity Fully expanded leaves of 4-week-old seedlings were sprayed with 100 lM ABA or 1 mM Put, Spd or Spm with or without AG. To promote the absorption of these regulators by leaves, 0.01% (v/v) Triton X-100 was used as a detergent, which was set as the control. The leaves were cut at the indicated time and used for enzyme activity assay.
CuAO activity was determined according to Rea et al. (2004) with minor modifications. Three millilitres of reaction solution contained sodium phosphate buffer (100 mM, pH 6.5), horseradish peroxidase (25 U), 35 lM 4-aminoantipyrine, 1 mM 3, 5-dichloro-2-hydroxybenzenesulphonic acid (DCHBS), and 0.1 ml crude enzyme extracts. The reaction was initiated by the addition of Put (or Cad) as a substrate. The changes in absorbance resulting from CuAO enzyme activity were recorded in a spectrometer (Shimadzu UV-1700). One unit of enzyme represents the amount of enzyme that catalyses the oxidation of 1 lmol of substrate min
The activity was expressed as enzyme unit per gram of the protein.
Protein content was determined according to the method of Bradford (1976) with bovine serum albumin as a standard.
Isolation of plasma membrane vesicles and determination of NADPH oxidase activity Plasma membrane vesicles were isolated according to the procedure described by Linnemeyer et al. (1990) with minor modifications. The leaves were ground with a chilled mortar and pestle in 4 vols of the buffer containing 0.25 M sucrose, 2 mM EGTA, 2 mM MgSO 4 , 2 mM ATP, 10% (v/v) glycerol, 1 mM PMSF, 2 mM DTT, 0.5% BSA, and 25 mM TRIS-MES (pH 7.6). The homogenate was filtered through four layers of cheesecloth, and the resulting filtrate was centrifuged at 10 000 g for 20 min. The supernatant was centrifuged at 100 000 g for 20 min to obtain the microsomal pellets which were then resuspended in a buffer (250 mM sucrose, 5 mM potassium phosphate pH 7.8, and 14 mM KCl). The resuspended pellets were added to a phase-partitioning system of a weight equal to the fresh weight of the leaves from which the pellet had been obtained. This system contained 5.8% (w/w) dextran T500, 5.8% (w/w) PEG 3350, 250 mM sucrose, 5 mM potassium phosphate (pH 7.8), and 14 mM KCl. After three partitions (at 1000 g, 10 min), the resulting upper phase was diluted 5-fold in TRIS-HCl buffer (pH 7.5) containing 250 mM sucrose and 1 mM EDTA, centrifuged for 30 min at 100 000 g. The resulting pellet was resuspended in a solution containing 25 mM TRIS-MES (pH 7.0), 1 mM EDTA, 1 mM DTT, and 20% glycerol at approximately 1 mg ml À1 protein and stored in liquid N 2 .
The NADPH oxidase activity in the plasma membrane was assayed by measuring the superoxide dismutase (SOD)-inhibitable and NADPH-dependent reduction of sodium, 3#-[1-[phenylaminocarbonyl]-3,4-tetrazolium]-bis(4-methoxy-6-nitro) benzenesulphonic acid hydrate (XTT) by O 2 À (Sagi and Fluhr, 2001) . The assay mixture of 1 ml contained 50 mM TRIS-HCl buffer (pH 7.5), 0.5 mM XTT, 100 lM NADPH and 15-20 lg of membrane proteins. The reaction was initiated with the addition of NADPH, and XTT reduction was determined at 470 nm. Corrections were done for background production in the presence of 50 units of SOD.
H 2 O 2 -and Ca 2+ -sensitive fluorescent dye loading H 2 O 2 -and Ca 2+ -sensitive fluorescent dye loading were according to the procedure described by Chen et al. (2004) . For H 2 O 2 -sensitive fluorescent dye loading, the abaxial epidermal strips from V. faba were incubated in 50 lM H 2 DCF-DA loading buffer (10 mM MES-TRIS, pH 6.1) for 15 min at room temperature (25°C), following by washing three times with the MES-TRIS buffer (pH 6.1) before ABA (or polyamines) addition.
For Ca
2+
-sensitive fluorescent dye loading, the abaxial epidermal strips were incubated in 10 lM 1-[2-amino-5-(2,7-dichloro-6-hydroxy-3-oxo-9-xanthenyl) phenoxy]-2-(2-amino-5-methylphenoxy) ethane-N,N,N',N'-tetraacetic acid, pentaacetoxymethyl ester (fluo-3 AM) loading buffer (10 mM MES-TRIS, pH 6.1) for 2 h at 4°C in darkness. After washing with MES-TRIS buffer (pH 6.1) for three times, strips were kept at room temperature for 1 h before ABA (or polyamines) addition.
Confocal microscopy
The fluorescence of H 2 O 2 or Ca 2+ dye was observed using a TCS-SP2 confocal system with an inverted confocal laser scanning microscope (CLSM, Leica Microsystems, Wetzlar, Germany). Excitation and emission was at 488 nm and 535 nm, respectively. The fluorescence intensity was measured by Leica confocal software (version 2.5).
Polyamine measurement
Polyamine extraction and analysis were done according to the method of Kotzabasis et al. (1993) .
Results
CuAO is involved in the regulation of stomatal closure in V. faba leaves ABA significantly induced stomatal closing in V. faba leaves (Fig. 1A) . It has been well known that ABAinduced H 2 O 2 production is an essential effector in stomatal closure (Pei et al., 2000; Zhang et al., 2001; Bright et al., 2006) . In addition, amine oxidation is one of sources for the production of H 2 O 2 (Cona et al., 2006) . To investigate whether amine oxidation by CuAO in guard cells is involved in ABA-mediated stomatal closure, aminoguanidine (AG) and 2-bromoethylamine (BEA), which are irreversible inhibitors of the copper-containing amine oxidases (CuAO) (Medda et al., 1997; Rea et al., 2002) , were used. 0.2 mM AG or BEA alone did not affect stomatal apertures (Fig. 1A) . However, after epidermal peels were pretreated with 0.1 mM AG or BEA, the effect of ABA on stomatal closure was obviously attenuated (Fig.  1A) . The results indicate that the CuAO might be involved in ABA-induced stomatal closure.
To characterize the CuAO effect on ABA response further, its products were tested. The major catalysed and metabolized products of CuAO are H 2 O 2 , ammonia, c-aminobutyric acid (GABA), and succinate (Succ) (Cona et al., 2006) . Therefore, the effects of these compounds on stomatal closure were determined. Figure 1B showed that only H 2 O 2 could restore the ABA effect reduced by the CuAO inhibitor AG, indicating that H 2 O 2 is an effective product of CuAO in ABA-induced stomatal closure.
The effects of the substrate(s) of CuAO or PAO on stomatal closure were then investigated. At first, the content of diamines (or polyamines) was measured in V. faba leaves. The content of Cad was much lower than that of Put, Spm, and Spd respectively (Fig. 1C, inset) . Therefore, exogenous Put, Spm, and Spd were then used to examine whether they have effects on stomatal closure. The data showed that all these polyamines (or diamine) could induce stomatal closure (Fig. 1C, D) , and Put showed most effectively, especially at an early time (0.5-1 h) (Fig. 1D) . When epidermal peels were pretreated with AG before polyamines (or diamine) addition, only the effect of Put on stomatal closure was inhibited (Fig. 1C) . The results suggest (i) Put may be used mainly by CuAO to catalyse the oxidation reaction in the ABA response; and (ii) Put, Spd, and Spm participate in the ABA-induced stomatal closure with different mechanisms.
ABA stimulates CuAO activity in V. faba leaves
To determine directly whether CuAO activity was activated by ABA, CuAO activity was measured. First, CuAO activity was determined in crude leaf extracts using Put or Cad as a substrate. The enzyme kinetics showed that V max of CuAO using Put as a substrate was 1.3-fold of that using Cad. Considering (i) Cad concentration in V. faba leaf cells was about 4 lM (calculated from the contents in Fig. 1C inset) , much less than the 60 lM at which the CuAO activity could be tested (Fig. 2A) ; (ii) CuAO activity catalysing Put was 40-fold higher than that catalysing Spd or Spm (data not shown), so it is proposed that CuAO may use Put as its substrate in V. faba leaves. This notion also agrees with the observation that the inhibitory effect of CuAO inhibitor on polyamine-induced stomatal closure was only found in the Put treatment (Fig. 1C) . Therefore, Put was used as a substrate for CuAO in the following experiments.
As shown in Fig. 2B , both CuAO inhibitors (AG and BEA) could inhibit CuAO activity significantly. The inhibitory effect of AG was stronger than that of BEA when their concentrations were below 0.1 mM. The CuAO activity was then detected in the different subcellular compartments, expressed as intercellular washing fluid (IWF), ionically-bound cell wall, and soluble cytoplasm. As shown in Fig. 2C , 77.9% of total CuAO activity was detected in IWF. On the contrary, 10.7% and 5.8% activity was found in ionically-bound cell wall and soluble cytoplasm, respectively. The data were consistent with the previous study showing that CuAO exists at a high level mainly in leguminous plants, loosely associated to cell walls (Cona et al., 2006) . Taken together, the data described so far suggest that CuAO existing in IWF mainly catalyses Put to produce H 2 O 2 in V. faba leaves.
ABA sprayed onto V. faba leaves evoked a biphasic activation of IWF-CuAO activity in leaves (Fig. 3A) . The activity increased rapidly after the onset of ABA treatment, reaching a first peak after 5 min. It then declined to a minimum at 10 min, and rose to a second lower peak at 30 min (Fig. 3A) . The ABA-stimulated CuAO activity was also found in the epidermal tissues (Fig. 3A, inset) . The activation of IWF-CuAO by ABA was impaired by AG with dose dependence. When 0.2 mM AG was applied, this activation was abolished (Fig. 3B) . The data suggest that AG did inhibit the IWF-CuAO activity. The result is consistent with an attenuated effect of the inhibitor on stomatal closure induced by ABA (Fig. 1A) . (D) were presented as the mean 6SE from three experiments (n¼at least 100 stomata per bar). The polyamine contents in the inset of (C) are presented as the mean 6SE (n¼3). Values in (A), (B), and (C) with different letters are significantly different at P <0.05 based on Duncan's multiple range test. The asterisks in (D) indicate that the mean value is significantly different from that of the control at the same time point at P <0.05 (one asterisk) or P <0.01 (two asterisks) based on Student's t test. From 1 h to 3 h, all three polyamines reduced stomatal aperture significantly as compared with the control (P <0.01).
IWF-CuAO activity was also stimulated significantly by applied Put, although this stimulation appeared 5 min later than that by ABA. Neither Spd nor Spm could activate IWF-CuAO activity during the experiments (Fig. 3C) . Taken together, the results described so far suggest that Put oxidation by IWF-CuAO is involved in ABA response. The effect of AG on the elevation of IWF-CuAO activity induced by ABA. The IWF-CuAO activity was measured at 5 min after 100 lM ABA was sprayed with or without AG. (C) The effect of polyamines on IWF-CuAO activity. The IWF-CuAO activity was assayed at different time after polyamines were sprayed on the leaves. The data in (A) to (C) are presented as the mean 6SE (n¼3). The asterisks in (A) and (C) indicate that the mean value is significantly different from that of the control at the same time point at P <0.05 (one asterisk) or P <0.01 (two asterisks) based on Student's t test. Values in (A) and (B) with different letters are significantly different at P <0.05 based on Duncan's multiple range test.
Oxidation of putrescine by CuAO is involved in H 2 O 2 generation induced by ABA in V. faba guard cells
To examine whether CuAO and its substrate, Put, are involved in H 2 O 2 production induced by ABA, ROS generation was measured in guard cells in epidermal strips using a fluorescent dye, H 2 DCF-DA, which reports the changes in ROS in guard cells (Pei et al., 2000) . Treatment of epidermal strips with 10 lM ABA produced a rapid increase in H 2 O 2 indicated by the increase in fluorescence intensity as compared with the control tissue (Fig. 4A, B) . Significant H 2 O 2 production was observed as early as 3 min after ABA was added, and maximum fluorescence intensity was recorded in 4-20 min (Fig. 4B) . The increase of H 2 O 2 generation was found mainly in chloroplasts, cytoplasm, as well as in the apoplast (and/or plasma membrane) (Fig. 4A) . At the maximum fluorescent intensity, ABA-mediated H 2 O 2 generation was about 3.5-fold of the control in V. faba guard cells (Fig. 4B) , while 1.4-fold of the control in Arabidopsis (data not shown). Put also induced guard cell H 2 DCF-fluorescence increase as did ABA treatment (Fig. 4A, B) . As compared with ABA, Put induced the increase in H 2 DCF-fluorescence more slowly. Maximum fluorescence intensity recorded in Put-treated cells was 3 min later and 33% lower in degree than that in ABA-treated cells (Fig. 4B) . When the epidermal peels were pretreated with CuAO inhibitor, AG or BEA, the increase in fluorescence intensity induced by ABA or Put was reduced. Alone, AG or BEA had no effect on fluorescence intensity (Fig. 4A, C, D) .
It has been reported that, the H 2 DCF-DA dye is not specific for H 2 O 2 , and also reacts with nitric oxide (Bright et al., 2006) . To determine whether the increase of H 2 DCF-fluorescence is derived from H 2 O 2 production by ABA or Put, the following experiments were designed. As shown in Fig. 4C and D, when the epidermal peels were pretreated with 100 U ml À1 catalase (CAT) or 1 mM ascorbate (ASC), ABA-or Put-induced H 2 DCFfluorescence elevation was abolished, suggesting that the elevation of H 2 DCF-fluorescence by ABA (or Put) was due to H 2 O 2 generation.
To determine whether other polyamines could mediate H 2 O 2 production in V. faba guard cells, Spd and Spm The asterisks indicate that the mean value is significantly different from that of the control at the same time point at P <0.05 (one asterisk) or P <0.01 (two asterisks) based on Student's t test. (C) H 2 DCF-fluorescence intensity in guard cells at 4 min after 10 lM ABA treatment. Before ABA was added, the epidermal peels were pretreated with or without CuAO inhibitor (0.1 mM AG or BEA), NADPH oxidase inhibitor (15 lM DPI), catalase (CAT, 100 U ml were also tested. Neither of them could induce H 2 O 2 production in 20 min after treatment (data not shown). Taken together, these data indicate that CuAO catalysing Put contributes to ABA-induced H 2 O 2 generation.
CuAO and NADPH oxidase contribute to ABA-induced H 2 O 2 production independently In plants, both plasma membrane NADPH oxidase and CuAO are sources for H 2 O 2 production (Cona et al., 2006) . In order to investigate whether the inhibition of H 2 O 2 generation by CuAO inhibitor(s) was related to its inhibitory effect on NADPH oxidase, the NADPH oxidase activity was assayed using plasma membrane vesicles. As shown in Fig. 5A , treatment of leaves with ABA resulted in a rapid activation of NADPH oxidase. The activation by ABA was not affected by AG up to a concentration of 0.2 mM (Fig. 5B) , which significantly inhibited CuAO activity (Fig. 2B) . The results suggest that CuAO inhibitor does not inhibit NADPH oxidase activity. Whereas NADPH oxidase inhibitor, diphenylene iodonium chloride (DPI), impaired the ABA-mediated H 2 O 2 generation (Fig. 4C) . DPI did not affect CuAO activity (data not shown). When DPI and AG (or BEA) were used together, ABA-induced H 2 O 2 generation was almost abolished (Fig.  4C) , indicating H 2 O 2 generation induced by ABA is mainly attributed by CuAO and NADPH oxidase activity. CuAO or NADPH oxidase inhibitor significantly inhibited ABA-induced stomatal closure (Fig. 5C) . The above results suggest that CuAO and NADPH oxidase are involved in ABA-mediated H 2 O 2 generation and stomatal closure independently.
CuAO activation is necessary to increase cytosolic calcium level in ABA response in V. faba guard cells
To investigate the cellular mechanisms of CuAO in the regulation of H 2 O 2 and stomatal closure further, we next determined cytosolic calcium ([Ca 2+ ] cyt ) changes in V. faba guard cells, which has been proved to be regulated by H 2 O 2 in Arabidopsis and V. faba guard cells (Pei et al., 2000; Kohler et al., 2003) . Confocal laser scanning microscopy (CLSM) was used to visualize calciumsensitive fluorescent dye fluo-3, which was loaded into guard cells to monitor [Ca 2+ ] cyt . Dramatic [Ca 2+ ] cyt elevation was found when epidermal strips were incubated Fig. 5 . CuAO and plasma membrane NADPH oxidase act independently in ABA response. (A) NADPH oxidase activity changes after 100 lM ABA was sprayed. The NADPH oxidase activity was expressed as the XTT reduction at 470 nm produced mg À1 membrane protein in 1 h. The data are presented as the mean 6SE (n¼3). The asterisk indicates that the mean value is significantly different from that of the control at the same time point at P <0.05 based on Student's t test. (B) NADPH oxidase activation by ABA was not affected by CuAO inhibitor (AG). The NADPH oxidase activity was measured at 10 min after 100 lM ABA was sprayed with or without AG. The data are presented as the mean 6SE (n¼3). (C) Stomatal aperture after a 2 h incubation with 10 lM ABA with or without the pretreatment of CuAO or NADPH oxidase inhibitor (0.1 mM AG or 15 lM DPI, respectively). Stomatal aperture values are presented as the mean 6SE (n¼120). Values in (B) and (C) with different letters are significantly different at P <0.05 based on Duncan's multiple range test.
with 10 lM ABA for 9 min (Fig. 6A, B) . Put could increase the [Ca 2+ ] cyt , although this increase was little later as compared with that by ABA (Fig. 6A, B) .
It was then asked whether CuAO activation is crucial for ABA-or Put-mediated [Ca 2+ ] cyt elevation. To test the hypothesis, CuAO inhibitor, AG, was incubated with epidermal strips for 30 min before ABA or Put added. The data showed that AG significantly reduced both ABA-and/or Put-induced [Ca 2+ ] cyt increase (Fig. 6A, C) . The results suggest that the CuAO activity, which uses Put as a substrate, is essential to ABA-induced [Ca 2+ ] cyt increase.
Discussion
Despite the importance of signalling via H 2 O 2 in plants, little is known about the sources for H 2 O 2 production and their physiological roles. Under normal conditions, H 2 O 2 can be generated in normal metabolism via the Mehler reaction in chloroplasts, electron transport in mitochondria, and photorespiration in peroxisomes (Neill et al., 2002) . Under biotic or abiotic stresses, H 2 O 2 generation increases through these pathways, and other enzymatic routes, including plasma membrane-associated NADPH oxidase, cell wall peroxidase, apoplast amine oxidase (Mittler, 2002; Neill et al., 2002) . Different stimuli activate specific H 2 O 2 -generating pathways, and produce the signal leading to specific physiological processes (Neill et al., 2002) . With the challenge with cryptogein, nuclei act as a potential active source of H 2 O 2 production (Ashtamker et al., 2007) . As to the ABA signal, it mediates H 2 O 2 generation via the plasma membrane NADPH oxidase (AtrbohD and AtrbohF catalytic subunits) in Arabidopsis (Kwak et al., 2003) , or in the chloroplasts in V. faba (Zhang et al., 2001) .
In this work, new evidence is provided that H 2 O 2 coming from the degradation of putrescine by CuAO is involved in ABA-induced stomatal closure in V. faba leaves. The following results support this conclusion: (i) The inhibitors of CuAO impaired the ABA-induced stomatal closure; (ii) exogenous ABA stimulated CuAO activity; (iii) the inhibition of CuAO activity resulted in the attenuation of the elevation of H 2 O 2 level in guard cells induced by ABA; (iv) putrescine, a substrate of CuAO, could induce H 2 O 2 increase and stomatal closure, which was impaired by CuAO inhibitors.
H 2 O 2 production regulated by CuAO was parallel to that by plasma membrane NADPH oxidase in the ABA response, because the inhibitor of CuAO had no effect on the activation of NADPH oxidase by ABA (Fig. 5B) . When both CuAO and NADPH oxidase inhibitors were used together, they had an additive inhibition on ABAinduced H 2 O 2 production (Fig. 4C) . For ABA-mediated stomatal closure, such an additive inhibition was not as obvious as in H 2 O 2 production (Fig. 5C ), suggesting that there are other signal pathways regulating ABA-mediated stomatal closure besides H 2 O 2 signalling.
It should be noticed that both ABA and putrescineinduced H 2 O 2 increase was located in the cytoplasm, chloroplasts, and the apoplast (and/or plasma membrane) according to the H 2 DCF fluorescence (Fig. 4A) . Whereas, CuAO in V. faba was located mainly in apoplasts, because the major activity was checked in intercellular washing fluids from leaf tissues (Fig. 2C) . The explanation for this conflict is as follows: (i) the apoplast has only a small proportion of the cell's antioxidant capacity (Neill et al., 2002) , which results in less H 2 O 2 degraded; (ii) H 2 O 2 rapidly diffuses across the plasma membrane. H 2 O 2 has been proposed to be permeable across the plasma membrane (Sagi and Fluhr, 2006) . Recently, the role of such an aquaporin family of Arabidopsis was studied in a yeast system (Bienert et al., 2007) . CuAO activity was also found in the epidermis, and was activated by ABA (Fig. 3A, inset) . In addition, polyamines were measured in the epidermis, in which the content of putrescine was higher than other polyamines (see Supplementary data at JXB online). Therefore, the production of H 2 O 2 from the degradation of putrescine in the apoplast and the following permeance into guard cells may exist in both the leaf tissues and the detached epidermal strips of V. faba.
Some components downsteam of H 2 O 2 production in the ABA signal have been characterized in guard cells, such as Ca 2+ , nitric oxide, inward and outward K + channels, protein phosphatase 2C, ABI1, and ABI2 (Pei et al., 2000; Bright et al., 2006; Kwak et al., 2006, and references within) . In this study, it was found that ABA and putrescine enhanced the Ca 2+ concentration in guard cells in V. faba (Fig. 6A, B) . The increase in Ca 2+ level induced by ABA or putrescine was impaired by CuAO inhibitors (Fig. 6C) , suggesting that H 2 O 2 from CuAOcatalysed putrescine oxidation may contribute to the Ca 2+ increase in the guard cells in response to ABA. In Arabidopsis guard cells, the increased Ca 2+ level is due to the activation of plasma membrane Ca 2+ -permeable channels by NADPH oxidases-derived H 2 O 2 (Kwak et al., 2003) . It still remains unsolved whether H 2 O 2 from diverse sources stimulates different kinds of Ca 2+ channels.
The role of polyamines in ABA signalling is complex. Besides being a substrate of CuAO, putrescine could inhibit the K + inward current in V. faba guard cells (Liu et al., 2000) . Compared with spermine and spermidine, putrescine inhibits the K + current less effectively (Liu et al., 2000) . On the other hand, spermine and spermidine did not contribute to ABA-promoted H 2 O 2 generation in V. faba guard cells (data not shown). However, these three polyamines promoted stomatal closure (Fig. 1C, D) . Therefore, in vivo, polyamines might regulate stomatal closure through different signal routes.
Based on these results, a model of H 2 O 2 generation by CuAO and its role in the ABA signaling process is proposed (Fig. 7) . CuAO is activated in response to ABA, which produces H 2 O 2 by catalysing putrescine oxidation. The increased H 2 O 2 production may activate the Ca 2+ channel, resulting in an increase in Ca 2+ level in guard cells. Therefore, a Ca 2+ messenger mediates ABA signalling processes and induces stomatal closure. 
